INTRODUCTION
Glycosphingolipids GSLs are expressed on the outer surface of the plasma membrane, forming a microdomain and playing a role in several types of signal transduction 1 .
GSLs comprise a sugar chain and an aliphatic portion composed of an amide-bonded fatty acid and a sphingoid. They are largely divided into two groups: neutral and acidic types. Acidic GSLs are grouped into four types: sialic acidcontaining GSLs gangliosides , sulfuric-substituted GSLs sulfatides , inositol phosphate-containing GSLs, and uronic acid-containing GSLs UGLs .
In phylogenetic analyses of acidic GSLs, gangliosides have been found to be the dominant type in vertebrates and echinodermata, but only a few reports on the existence of gangliosides in protostomes have been published 2, 3 . In ones in the bivalves Hyriopsis schlegelii 5 and Meretrix lusoria 6 belong to the methylated glucuronic acid type. In the bivalve H. schlegelii, a methylated glucuronic acidtype acidic GSL was shown to be present on the surface of the sperm, indicating its involvement in fertilization 7 .
Rhamnose is a type of methyl-pentose corresponding to deoxy-mannose. It is widely distributed as a component of bacterial exopolysaccharides 8 . Plants exhibit rhamnosecontaining pectins composed of a repeated galacturonic acid-rhamnose Rha backbone or a poly-galactose backbone attached to Rha, forming a matrix surrounding cellulose microfibrils with hemicellulose and proteins on the primary cell wall 9 . An inositol phosphate-containing rhamnolipid was identified in the protozoan Leptomonas samueli: Xylβ1-4Xylβ1-4 Rhaα1-3 Manα1-2Manα1-3 aminoethylphosphate-6 Manα1-3Manα1-4 aminoethylphosphate-6 GlcNα1-6Ins 1/2 -PO 4 -Cer 10 ; moreover, a neutral rhamno-GSL was identified in the marine sponge Agelas clathrodes: Rhaα1-3GalNAcβ1-6Galα1-2Galα1-Cer 11 . These are the only published reports on rhamno-
GSLs.
Ascidians are largely divided into three orders on the basis of their branchial sac in adults: Aplousobranchia, Phlebobranchia, and Stolidobranchia. Their habitats are widely distributed in the sea from the equator to the Arctic and Antarctic 12 . Over 3000 ascidian species have been identified. Ascidians commonly possess a notochord in their larval stage 13 , and are therefore classified as chordates, close to vertebrates. Ascidians belong to Urochordata; therefore, they are closer to mammals than lancelets Cephalochordata , as determined by comparative genome analyses 14 . Notably, in animals, urochordates, including Ascidians, have been proven to produce cellulose 15 . The gene that enables cellulose production was identified in ascidians 16 and shown to have been acquired from bacteria via lateral gene transfer 17 .
We conducted a structural characterization of acidic GSLs with the expectation of discovering gangliosides considering that deuterostomes such as echinoderms and vertebrates contain gangliosides. Among acidic GSLs in Urochordata, we reported a sulfated GSL HSO 3 -6GlcCer in the ascidian Ciona intestinalis 18 . The most well-known sulfated GSL is sulfatide, a sulfate group-substituted galactose at the C3 position HSO 3 -3Galβ1-Cer . Other sulfated GSLs are common in sulfate group-substituted sugar residues at the C3 position, except for types of sulfate groupsubstituted N-acetyl/glycolyl neuramic acid at the C8 position 19 . In protostomes, sulfated GSLs have been characterized as sulfatides in the nematode Ascaris suum, as the sulfate group-substituted N-acetyl/glycolyl neuramic acid type at the C8 position in Echinodermata, as the sulfate group -substituted N-acetyl neuramic acid type at the C4 position in sea cucumber, and as HSO 3 -3Galβ1-4Galβ1-4Glcβ1-Cer in the starfish Luidia maculate 4 .
Therefore, sulfated GSLs in C. intestinalis are rare in terms of sulfate group-substituted galactose at the C6 position. We also investigated acidic GSLs in the ascidian H. roretzi and characterized a novel UGL Galβ1-4 Fucα1-3 GlcAβ1-1Cer; UGL-1 within this species 20 . USLs were characterized from bivalves as GlcA4Meβ1-4 GalNAc3Meα1-3 Fucα1-4GlcNAcβ1-2Manα1-3 Xylβ1-2 Manβ1-4Glcβ1-Cer , from the fly Calliphora vicina as GlcAβ1-3Galβ1-3GalNAcβ1-4GlcNAcβ1-3Manβ1-4Glcβ1-Cer, and from the fly Lucilia caesar as GlcAβ1-3Galβ1-3GalNAcα1-4GalNAcβ1-4GlcNAcβ1-3Manβ1-4Glcβ1-Cer 4 . UGLs other than H. roretzi contain a glucuronic acid residue at the non-reducing terminus, whereas the H. roretzi UGL contains one at the reducing terminus with an attached branching fucose. Hence, the H. roretzi UGL is also unusual in terms of position on the sugar chain and presence of a branching fucose. In both ascidians, we could not detect any ganglioside despite our expectations. We further conducted genome-wide analyses by phylogenetic profiling of glycosyltransferases to confirm that ascidians had actually lost sialyltransferases 21 . Given that genome sequences were analyzed only for the Ciona species C. intestinalis and C. savignyi , we could not investigate other species. We confirmed that these ascidians belonging to the genus Ciona had lost majority sialyltransferases. Based on these results, we investigated acidic GSLs in the ascidian H. aurantium for the presence of gangliosides.
In the present study, we extracted and characterized acidic GSLs from H. aurantium; we found UGL-1 and a novel rhamnose-containing UGL, which were speculated to be elongated via UGL-1. The presence of a rhamnose-containing GSL in H. aurantium is interesting, given that few examples of such GSLs have been reported 10, 11 .
EXPERIMENTAL PROCEDURES

Isolation of acidic GSLs
Fifty individuals wet weight 4.5 kg of the ascidian H. aurantium, purchased from the company Nishikiya Saito 2-19-5 Akaiwa, Otaru, Japan , were boiled and the encystment was removed. The remaining materials were dehydrated using acetone, dried, and pulverized in a blender. Acidic GSLs were isolated and purified as described previously 20 . In brief, they were extracted twice with chloroform/methanol C/M 2:1 v/v , extracted once with C/M 1:1, and evaporated to dryness. To remove glycerolipids, the residues were treated with mild-alkaline hydrolysis and then neutralized, dialyzed, and evaporated to dryness. The resulting material was suspended in cold acetone and centrifuged, and the precipitate was recovered as crude sphingolipids. Acidic GSLs were separated using a DEAE-Sephadex A-25 column with methanolic 0.05, 0.15, and 0.45 M ammonium acetate, evaporated to dryness, acetylated, and then separated using a Florisil column. The resulting fractions eluted by dichloroethane DCE /methanol 1:1 and 3:1 were deacetylated, neutralized, concentrated, and dialyzed. The residue was evaporated to dryness and again chromatographed on an Iatrobead column, using a gradient system of C/M/W 70:30:3 v/v/v to 40:60:6. Eluates were collected, analyzed by thin-layer chromatography TLC , and separated into 11 fractions. Fraction 10 was further chromatographed in the Iatrobead column, using an isocratic elution of C/M/W 60:40:10, and separated into six fractions: fractions 10-1 to 10-6.
TLC
A silicagel 60 plate was developed in a solvent mixture of C/M/W 60:40:10 and visualized using the orcinol-H 2 SO 4 reagent 22 to detect sugar and by Dittmer-Lester reagent 23 to detect phosphate groups.
Sugar composition and fatty acid analyses
Analyses of sugar composition and fatty acids were performed as described previously 24 . In brief, acidic GSLs were methanolyzed with anhydrous methanolic HCl using a microwave oven. The resulting fatty acid methylester was extracted using n-hexane, and the residual methanolic phase was neutralized with silver carbonate and evaporated to dryness under a N 2 stream after the removal of silver chloride and subsequently N-acetylated. The resulting material was dried, trimethylsilylated, and analyzed by gasliquid chromatography GC . Sugar composition analysis by the alditol acetate method was conducted omitting the methylation step in the sugar linkage analysis described below.
Sphingoid analysis
Sphingoid analysis was performed as described previously 25 . In brief, purified UGL was hydrolyzed with an aqueous HCl-methanol reagent at 70 for 18 h. The hydrolysate was washed with n-hexane to remove fatty acids, alkalized with a methanol-NaOH solution, extracted with chloroform, dried, trimethylsilylated, and analyzed by GC.
Sugar linkage analysis
Sugar linkage analysis by the partially methylated alditol acetate method was performed as described previously 26 .
In brief, purified UGL was dissolved in dimethylsulfoxide by sonication. GSL was immediately permethylated by adding sodium hydroxide NaOH and methyl iodide and acetolyzed with acetic acid-HCl-water 16:1:3, v/v/v using a microwave oven 24 . The acetolysate was reduced by incubation with a 0.01 M NaOH solution containing 2 sodium borohydride at room temperature overnight. Reduced and partially methylated alditols were acetylated by pyridine followed by acetic anhydride and subsequently incubated in boiling water. Partially methylated alditol acetates were extracted with chloroform and analyzed by GC.
Acid hydrolysis
Acid hydrolysis was performed as follows: purified UGL was hydrolyzed in 2 M HCl. The hydrolysate was washed with n-hexane to remove fatty acids and deacidified by N 2 flow with toluene. After alkalization with 0.01 M NaOH, the hydrolysate was reduced with 1 NaBH 4 in 0.01 M NaOH, neutralized by acetic acid, and subsequently dried by N 2 flow with MeOH. The resulting material was acetylated by pyridine/acetic anhydride 1:1, v/v in boiling water. The acetylated material was mixed with chloroform, washed three times with water, concentrated to dryness, and then subjected to GC analysis. For defucosylation, purified GSL was hydrolyzed with 0.1 M HCl and partitioned with C/M 2:1, v/v . The resulting lower phase was evaporated to dryness and then subjected to GC.
Reduction of uronic acid
The reduction of uronic acid was conducted by following a slightly modified version of the method reported by Tayler et al. 27 . In brief, 1 mL of a 2 1-ethyl-3-3-dimethylaminopropyl carbodiimide solution and a few drops of 0.01 M HCl to adjust the pH to 4.7-5.0 were added to the purified UGL 1 mg , and the resulting mixture was incubated for 2 h at room temperature. After alkalization pH 8 with 1 M NH 4 OH, approximately 10 mg of NaBH 4 and a few drops of BuOH as an antifoaming agent were mixed and stirred at 55 for 18 h. Reduction was stopped by adding a few drops of acetic acid, and subsequently the reduced GSL was dialyzed, evaporated to dryness, and subjected to various analyses.
GC analysis
GC analysis was performed using a Shimadzu GC-18A and a Shimadzu Hi Cap-CBP5 column 0.22 mm 25 m under the following conditions: 140 -230 with heating at 2 /min for sugar composition analysis, 140 -230 with heating at 4 /min for the methylation study, 210 -230 with heating at 2 /min for sphingoid analysis, and 170 -240 with heating at 4 /min for fatty acid analysis.
Mass spectrometry
The molecular weight of purified GSL was measured with a Voyager DE-STR Applied Biosystems in negativeion mode with 2,5-dihydroxybenzoic acid Wako Pure Chemicals as a matrix reagent.
2.10
1 H-NMR Purified GSL was solubilized in 2 D 2 O/DMSO and analyzed using JEOL JNM-ALPHA400 at 60 . The measured spectrum was integrated 512 times for UGL-1 or 2048 times for UGL-2.
TLC immunostaining
Rabbits were immunized with UGL-1 purified from H. roretzi 20 ; the resulting polyclonal antiserum was utilized as an anti-UGL-1 antibody. TLC immunostaining was performed in accordance with the method reported by Itonori et al. 28 . In brief, semi-purified acidic glycosphingolipid fractions were spotted onto a TLC plate Polygram Sil G; Macherey-Nagel GmbH, Germany and developed with C/ M/W 60:40:10 v/v/v . After development, the plate was sprayed with phosphate-buffered saline pH 7.2 and blocked by Blocking One Nacalai Tesque, Inc. . The antibodies used were an antiserum specific for UGL-1 from H. roretzi used as a primary antibody and a peroxidase-conjugated goat anti-rabbit IgG antibody employed as a secondary antibody. Visualization was performed by spraying immunostaining HRP-1000 Konica Minolta Co. Ltd. .
RESULTS
Isolation of acidic GSLs
In total, 3.3 g of the alkaline-stable fraction was subjected to DEAE-Sephadex column chromatography. The eluate resulting from a treatment with methanolic 0.05 M ammonium acetate, which was positive on immunostaining with anti-UGL-1 antibody, was subjected to Florisil column chromatography to remove phosphosphingolipids, given that the eluate was positive for both the orcinol-H 2 SO 4 reagent and the Dittmer-Lester reagent. The acidic GSL fraction 64.4 mg was again subjected to chromatography using an Iatrobead column and separated into 11 fractions Supplemental Fig. 1 . Immunostaining using an anti-UGL-1 antiserum revealed that fraction 9 8.5 mg was positive Fig. 1 ; therefore, it was subjected to GC analyses. Fraction 10 comprising two bands was subjected to further chromatography analysis using an Iatrobead column and separated into six fractions. In fraction 10-5, the lower band component was eluted 1 mg . We refer to the eluates in fractions 9 and 10-6 as UGL-1 and UGL-2, respectively.
Sugar composition analysis
H. aurantium acidic GSLs were analyzed as methylglycoside-TMS derivatives Fig. 2 . For UGL-1, reduced UGL-1 was subjected to analysis, and one mole of Fuc, one mole of Gal, and one mole of Glc were detected. However, unknown peaks were detected, besides the peaks of Gal and GlcNAc in non-reduced UGL-2. Therefore, sugar composition analysis using the alditol acetate method was conducted to identify such unknown peaks of UGL-2 Fig. 3 . One unknown peak was identical in terms of retention time to an acetylated alditol peak from standard Rha; therefore, UGL-2 was determined to contain Rha in its sugar chain.
Sugar linkage analysis
Following the partially methylated alditol acetate method, non-reduced UGL-1 yielded only two peaks showing a non-reducing terminus 1,5-di-O-methyl-2,3,4-tri-O-acetylfucitol 1Fuc and 1,5-di-O-methyl-2,3,4,6-tetra-O-acetylgalactitol 1Gal data not shown . Hence, UGL-1 was reduced and subjected to methylation analysis. As a result, the peak of 1,3,4,5-tetra-O-methyl-2,6-di-O-acetylgluctitol 1,3,4Glc peak c was newly detected in addition to the peaks of 1Fuc peak a and 1Gal peak b Fig. 4A . To determine the position of the glycosidic substitution of GlcA with a Gal residue, reduced UGL-1 was de-fucosylated by hydrolysis with 2 M HCl and subjected to GC analysis. The resulting gas chromatogram showed the presence of 1,4,5-tri-O-methyl-2,3,6-tetra-O-acetylgluctitol 1,4Glc peak d Fig. 4B . Therefore, we concluded that the branching Fuc residue attaches to the 3-position of the GlcA residue to form a UGL-1 sugar chain, Gal1-4 Fuc1-3 GlcA. With regard to UGL-2 Fig. 4C , our methylation study revealed the presence of 1,5-di-O-methyl-2,3,4-tri-Oacetylrhamnitol 1Rha peak e , 1Fuc peak a , 1,3,5-tri-O-methyl-2,4,6-tetra-O-acetylgalactitol 1,3Gal peak f , and 1,3,5-tri-O-methyl-4,6-di-O-acetylglucosaminitol 1,3GlcNAc peak g . 
Ceramide composition
The aliphatic components of fatty acids and sphingoid in purified UGLs are given in Table 1 . Fatty acids were mainly normal saturated acids ranging from C14 to C24. Among them, the C16 and C18 acids were predominant in both UGL-1 and UGL-2. Odd-numbered saturated acids ranging from C15 to C23 were also detected at low levels except for C19 and C21. The monoenoic acids of C16 and C18 were present in both UGLs. Approximately 10 2-hydroxy acids were contained as minor components in both UGLs. The sphingoids of UGL-1 mainly comprised 4-hydroxyoctadecasphinganine phytosphingosine t18:0 , together with smaller amounts of 4-hydroxyhexadeca t16:0 -and 4-hydroxyheptadeca t17:0 -sphinganine.
Mass spectrometry
In combination with the components identified by GC analysis, the putative UGL structure was confirmed by negative-mode MALDI-TOF MS analysis, as shown in 
Anomeric con gurations
Anomeric configurations of the sugar residues in UGLs were determined using a 1 H-NMR spectrometer 
DISCUSSION
Our immunostaining results, sugar composition analysis, and methylation studies confirmed the sugar chain structure of H. aurantium UGL-1 to be identical to that of H. roretzi UGL-1 20 . Given that rhamnose is a 6-deoxymannose, protons H1/H2 of rhamnose are in the gauche conformation, despite an anomeric configuration, showing small 1-3-Hz coupling constants. Hence, we could not determine the anomeric configuration of rhamnose in H. aurantium UGL-2 on the basis of its coupling constant. However, signals at around 5 ppm generally seem to represent an α-anomer. All rhamnoses identified to date as components of GSLs have been shown to have α-anomeric configurations 10, 11 . A disaccharide residue Rhaα1-3GlcNAcβ, found at the non-reducing terminus of H. aurantium UGL-2, has been found as a repeating unit in a polysaccharide part of lipopolysaccharides LPS from the Gram-negative anaerobic bacteria Serratia marcescens 31 , chemical shift of α-Rha in the Serratia polysaccharide resembled that of the signal that was speculated as rhamnose in H. aurantium UGL-2. Therefore, we speculated that rhamnose in UGL-2 is also an α-anomer. Both UGL-2 and UGL-1 were eluted in an identical fraction using methanolic 0.05 M ammonium acetate on a DEAE-Sephadex A-25 column. UGL-2 was speculated to be catabolized via UGL-1 as a precursor. Therefore, we conclude that the sugar chain structure of UGL-2 is Rha1-3GlcNAc1-3Gal1-4 Fuc1-3 GlcA. In our previous analysis on UGL-1 in the related ascidian species H. roretzi 20 , signals for GlcAβ and Galβ were determined from 2D-NMR data obtained from its structural analog, salcaceramide Galβ1-4 Fucα1-3 Glcβ1-Cer , from the ascidian Microcosmus sulcatus 32 . As a result, a signal at the high-field side was determined as GlcAβ and a signal at the downfield side was determined as Galβ in H. roretzi UGL-1. However, signals that shifted downfield were identified upon comparison between UGL-1 and UGL-2 in the present study. Concerning the downfield shift of the glycosyl substitution, the non-reducing terminal Gal in UGL-1 was speculated to be elongated with Rha-GlcNAc residues to form UGL-2. Hence, signal assignment of β-Gal in UGL-2 could also be interpreted as a downfield-shifted signal by attachment of GlcNAc compared with the data obtained on UGL-1. Therefore, we could not assign two signals at approximately 4.2-4.4 ppm for GlcAβ and Galβ. To precisely assign these signals, detailed 2D-NMR analysis is required.
In the present study, we identified UGL-2 as a novel rhamnose-containing acidic GSL Fig. 7 . An inositol phosphate-containing rhamnolipid has been reported from the protozoan L. samueli 10 , and a neutral rhamno-GSL has been reported from the marine sponge A. clathrodes 11 .
There are only two reports about rhamno-GSLs. It is interesting that such an unusual rhamno-GSL was found in H. aurantium. Rhamnose is known to be a constituent of cell wall polysaccharides 9 and of bacterial exopolysaccharides 8 . The disaccharide residue, Rha-GlcNAc, found at the non-reducing terminus of H. aurantium UGL-2 has been found as a repeating unit in the polysaccharide part of LPS from S. marcescens 31 and as a linker unit between arabinogalactan and peptidoglycan in mycobacterial cell We characterized UGL-2 as a novel glucuronic acid-containing GSL as well as UGL-1. Glucuronic acid-containing GSLs have been found in bivalves such as H. schlegelii and M. lusoria and shown to be present on the surface of sperm 7 . In addition, in sea urchin, sperm gangliosides have been shown to bind to sperm-binding proteins localized on the vitelline layer of the egg surface 34 . Furthermore, in mice, sperm sulfogalactosylglycerolipids have been shown to bind to the egg extracellular sulfoglycoprotein matrix, the zona pellucida 35 . These data suggest that sperm glycolipids are involved in fertilization. The possible involvement of H. aurantium UGLs in fertilization should also be considered. With respect to the functional analysis of UGL-2, it might be interesting to investigate whether sperms from H. aurantium could aggregate by the action of anti-UGL-2 antibody in the same manner as that observed in the bivalves. Oral administration of glucuronyl sphingolipid Cer-β-glucuronide was shown to inhibit chemically induced colon cancer in mice 36 . Based on the finding that more than 75 of orally administered Cer-β-glucuronide was digested in colonic segments, Cer-β-glucuronide is expected to be a candidate material for delivering bioactive sphingolipids to the colon. Being one of the glucuronyl sphingolipids, UGL-2 might be useful in research related to colon cancer. We never detected any gangliosides from H. aurantium, but we detected two UGLs in the present study. For the novel UGL-2, it is particularly unusual to have both a rhamnose residue and a reducing terminal glucuronic acid residue within a single molecule. We could not detect ganglioside in both ascidians: H. roretzi and C. intestinalis. Our previous phylogenetic analysis on glycosyltransferases in the Ciona species showed a loss of the majority of sialyltransferases 21 . Therefore, we conclude that apparently, in general, ascidians have lost their sialyltransferases.
CONCLUSION
We isolated two UGLs from soft parts of the ascidian H. aurantium: UGL-1, which is Galβ 1-4 Fucα 1-3 GlcAβ1-Cer; and UGL-2, which is Rhaα1-3GlcNAcβ1-3Galβ1-4 Fucα1-3 GlcAβ1-Cer. The former is identical to UGL-1 from the ascidian H. roretzi, whereas the latter is characterized as a novel structure.
